Introduction
Plasma membrane (PM) wounding can occur during the lifetime of most cells, caused either by external mechanical forces Ito, 1989, 1990) , pore-forming proteins secreted by pathogens (Los et al., 2013) , or internal forces generated by contraction and/or migration (Chen, 1981; McNeil and Khakee, 1992; Clarke et al., 1995) . To avoid lethal events triggered by massive Ca 2+ influx and cytosol depletion (Geeraerts et al., 1991) , eukaryotic cells rapidly repair PM wounds. The importance of PM repair has been shown in muscle fibers, which are frequently injured during contraction. Failure in resealing of the muscle sarcolemma has been identified as a cause of muscular dystrophy (Bansal et al., 2003) .
Early studies discovered that PM repair is triggered by Ca 2+ influx through wounds in the PM (Steinhardt et al., 1994; Andrews et al., 2014) . Ca 2+ influx induces lysosome exocytosis, which exposes lysosomal membrane proteins on the cell surface and releases lysosomal contents (Reddy et al., 2001; Jaiswal et al., 2002; Tam et al., 2010) . Exposure of the lumenal domain of the lysosomal-associated membrane protein 1 and the lysosomal synaptotagmin isoform Syt VII are detected a few seconds after wounding, reflecting the rapid Ca 2+ -dependent fusion of lysosomes with the PM (Reddy et al., 2001) . Exocytosed lysosomes were initially suggested to provide the membrane needed for resealing, working as a patch to repair open wounds. More recently, it became evident that lysosomal exocytosis is followed by a rapid form of endocytosis that can remove lesions from the PM (Idone et al., 2008; Tam et al., 2010; Corrotte et al., 2012) .
Recent studies revealed that PM wounding by the pore-forming toxin streptolysin O (SLO) or by mechanical forces triggers endocytosis of caveolae (Corrotte et al., 2013) , PM invaginations that are localized in lipid rafts (Galbiati et al., 2001) . Evidence supporting this finding includes the colocalization of caveolin and SLO in <80 nm intracellular vesicles, accumulation of intracellular vesicles with morphological characteristics of caveolae (<80-nm-diameter flask-shaped and uncoated vesicles; Parton and Simons, 2007) at wound sites in cell lines and primary muscle fibers, and inhibitory effects of caveolin deficiency on PM repair (Gazzerro et al., 2010; Corrotte et al., 2013) . The involvement of caveolae in the endocytosis-mediated PM repair process is also consistent with the severe muscle pathology that is observed in mice deficient in caveolin and other caveolae-associated proteins such as cavin (Hagiwara et al., 2000; Hnasko and Lisanti, 2003) .
Caveolin-mediated endocytosis of injured PM can be induced by exposure to acid sphingomyelinase (ASM; Tam et al., 2010; Corrotte et al., 2013) . Via Ca 2+ -dependent lysosome exocytosis, ASM is released to the outer leaflet of the PM, where it generates ceramide from sphingomyelin (Grassmé et al., 2002; Xu et al., 2012) . Ceramide was proposed to induce Cells rapidly repair plasma membrane (PM) damage by a process requiring Ca 2+ -dependent lysosome exocytosis. Acid sphingomyelinase (ASM) released from lysosomes induces endocytosis of injured membrane through caveolae, membrane invaginations from lipid rafts. How B lymphocytes, lacking any known form of caveolin, repair membrane injury is unknown. Here we show that B lymphocytes repair PM wounds in a Ca 2+ -dependent manner. Wounding induces lysosome exocytosis and endocytosis of dextran and the raft-binding cholera toxin subunit B (CTB). Resealing is reduced by ASM inhibitors and ASM deficiency and enhanced or restored by extracellular exposure to sphingomyelinase. B cell activation via B cell receptors (BCRs), a process requiring lipid rafts, interferes with PM repair. Conversely, wounding inhibits BCR signaling and internalization by disrupting BCR-lipid raft coclustering and by inducing the endocytosis of raft-bound CTB separately from BCR into tubular invaginations. Thus, PM repair and B cell activation interfere with one another because of competition for lipid rafts, revealing how frequent membrane injury and repair can impair B lymphocyte-mediated immune responses.
caveolae-mediated endocytosis by creating membrane curvature and facilitating the recruitment of caveolin to lipid rafts (Andrews et al., 2014) . The importance of ASM in PM repair has been demonstrated by the finding that extracellular exposure to ASM restores membrane resealing even in the absence of extracellular Ca 2+ . Moreover, inhibition or depletion of ASM reduces wounding-induced endocytosis and PM resealing (Tam et al., 2010) . Thus, increasing evidence supports a closely coordinated process of Ca 2+ -induced lysosome exocytosis and ASM-dependent caveolin-mediated endocytosis as an important mechanism for PM repair. However, it is not known if this form of PM repair is universal or if different cell types that express distinct regulatory proteins use distinct mechanisms to reseal after injury.
B lymphocytes are circulating cells that attach to substrates and migrate in response to stimuli (Brandes et al., 2000; Pereira et al., 2010) . After maturation in the bone marrow, B cells circulate through the body to survey for the presence of pathogenic substances. In response to pathogen signals, B cells extravasate, migrating through endothelial cells to reach infected sites. B cells also migrate through dense and well-organized lymphoid tissues, the spleen and lymph nodes, where they capture and present antigen and mount responses (Okada et al., 2005; Batista and Harwood, 2009 ). B cells extract antigen from antigen-presenting cells, internalize and process antigen in late endosomes, and present antigen in complexes with major histocompatibility complex class II for T cell recognition (Okada et al., 2005; Yuseff et al., 2013) . Through these processes, B cells face ample possibilities of wounding their PM. However, unlike epithelial cells, fibroblasts, and myofibers, which have been well studied regarding their PM repair ability, nothing is known about how B cells cope with injury. Different from those well studied cells as well as T lymphocytes (Tomassian et al., 2011) , B lymphocytes do not contain detectable levels of known isoforms of caveolin (Fra et al., 1994) , even though B cells may express caveolin during in vitro differentiation into plasma cells (Medina et al., 2006) . Despite the apparent lack of caveolin, the organization of signalosomes and the endocytic machinery in B cells is highly dependent on lipid rafts (Cheng et al., 1999 (Cheng et al., , 2001 Stoddart et al., 2002) , cholesterol and sphingolipid-rich PM domains where caveolin normally resides (Galbiati et al., 2001) . B cell activation is induced by the B cell receptor (BCR). Upon antigen binding, surface BCRs oligomerize into microclusters in lipid rafts, where the cytoplasmic tails of the receptor are phosphorylated by raft-resident Src kinases in the inner leaflet of the PM. Phosphorylated cytoplasmic domains of the BCR recruit and activate downstream signaling molecules, propagating signaling cascades (Pierce, 2002; Dal Porto et al., 2004) . Lipid rafts are also essential for BCR internalization, by which B cells capture antigen for processing (Stoddart et al., 2005; Bléry et al., 2006) . We and others have demonstrated that lipid rafts act to couple BCR signaling and endocytosis by recruiting endocytic machinery to the vicinity of signalosomes (Stoddart et al., 2002) . The unique properties of B lymphocytes, the importance of lipid rafts in their immunological functions, and the fact that injury is likely to occur as these cells migrate in vivo raise the question of whether and how B lymphocytes repair PM wounds.
In this study, we show that primary B lymphocytes can effectively repair membrane wounds in the absence of caveolin. The membrane repair process depends on Ca 2+ influx, Ca 2+ -induced lysosome exocytosis, and lipid raft-mediated, clathrin-independent endocytosis. Our results reveal that the PM repair mechanism inhibits the signaling and antigen internalization functions of the BCR, probably by interfering with access of the receptor to lipid rafts.
Results

Primary mouse B cells repair PM wounds in a Ca 2+ -dependent manner
To determine whether B cells are capable of repairing PM wounds, primary B cells freshly isolated from mouse spleens were incubated with increasing concentrations of SLO (0 to ∼400 ng/ml) with or without Ca 2+ in the culture medium. SLO is a bacterial toxin that binds to cholesterol in membranes and oligomerizes into pores, thus permeabilizing the PM. The membrane impermeant dye propidium iodide (PI) was used to stain B cells that were injured and did not reseal at 5 min after SLO exposure. The percentage of PI + cells was quantified by flow cytometry. In the absence of SLO, only small percentages of cells were PI + in the presence or absence of extracellular Ca 2+ ( Fig. 1 A) , reflecting the spontaneous apoptosis known to occur gradually in primary mouse B cells in the absence of stimuli (Rothstein, 1996; Wurster et al., 2002) . In the absence of Ca 2+ , the percentage of PI + B cells increased with the concentration of SLO, reaching a plateau at 200 ng/ml (Fig. 1, A and B) . In the presence of Ca 2+ , the percentage of SLO-treated PI + cells was reduced to ∼30% from ∼70% of B cells treated with SLO in the absence of Ca 2+ when the SLO concentration was 200 ng/ ml, indicating that almost half of SLO-damaged cells resealed under these conditions (Fig. 1 , B and C). As expected, even in the presence of Ca 2+ , the percentage of PI + cells increased with the concentration of SLO, showing a reduced resealing capacity of B cells as the SLO concentration rose (Fig. 1, B and C) . These results indicate that primary mouse B cells are capable of repairing PM wounds caused by SLO and that PM repair in B cells is a Ca 2+ -dependent process.
Wounding-induced lysosomal exocytosis is involved in B cell PM repair
Cell wounding induces lysosomal exocytosis, and ASM released from lysosomes is required for PM repair in epithelial cells, fibroblasts, and myofibers (Tam et al., 2010; Corrotte et al., 2013) . In contrast to these types of cells, resting primary lymphocytes are significantly smaller and thought to have fewer lysosomes and limited volumes of cytoplasm per cell (Monroe and Cambier, 1983; Hat et al., 2011) . This raises the question of whether wounding the PM of primary lymphocytes induces lysosome exocytosis and whether lysosome exocytosis is important for PM repair in these cells. We analyzed lysosomal exocytosis in SLO-wounded primary B cells by surface detection of the lysosomal membrane protein LIMP2 and release of the lysosomal enzymes ASM and β-hexosaminidase (β-hex) into the medium. Surface LIMP2 was detected using an antibody specific for the lumenal domain of the protein by both immunofluorescence microscopy and flow cytometry without permeabilizing the cells. Immunofluorescence microscopic analysis found that under the permeabilization condition, LIMP2 staining appeared as puncta in the cytoplasm but not on the PM of SLO-untreated cells, identified by surface BCR labeling (Fig. 2 A) . After 5 min of SLO treatment, LIMP2 become detectable at the cell surface (Fig. 2 A) . Flow cytometry analysis quantitatively confirmed the immunofluorescence microscopy results (Fig. 2 B) . ASM secretion was analyzed by measuring its enzymatic activity and the amount of protein released into the supernatant of the B cell cultures. The level of ASM activity in the supernatant of B cells treated with SLO was significantly higher than that of untreated B cells (Fig. 2 C) . Consistently, there was a much higher level of ASM protein in the supernatant of B cells injured by SLO than that in untreated B cells (Fig. 2 D) . To determine the fraction of cellular lysosomal enzymes exocytosed upon PM wounding, we quantified the percentage of β-hex secreted by measuring its enzymatic activity in the lysate of untreated cells (total) and in the supernatant of SLO-treated cells (secreted). We found that the percentage of secreted β-hex was significantly increased in SLO-treated cells compared with that in SLO-untreated cells (Fig. 2 E) . The results from the three different approaches all indicate that injury of the B cell PM induces lysosome exocytosis.
To determine whether injury-induced release of active ASM is required for B cells to repair their PM, we inhibited ASM with desipramine (DPA; Kölzer et al., 2004) or used primary B cells from ASM knockout mice (Horinouchi et al., 1995) . DPA treatment reduced the ability of B cells to repair their PM by 50% (Fig. 2 F) , the same percentage of inhibition previously observed in SLO-wounded NRK cells (Tam et al., 2010) . Similarly, B cells from ASM knockout mice showed ∼35% reduction in PM repair (Fig. 2 G) . Because the later results could have been a consequence of compensatory mechanisms developed in ASM knockout mice, we investigated whether addition of purified sphingomyelinase (SM) extracellularly, mimicking ASM secretion, was able to restore the capability of B cells to repair PM wounds, when the process is reduced by ASM knockout or blocked by a lack of extracellular Ca 2+ . Indeed, extracellular SM restored the efficacy of ASM knockout B cells to repair their PM wounds to the level of wild-type B cells (Fig. 2 G) . Importantly, incubation of SLO-treated B cells with SM in the absence of Ca 2+ significantly increased the percentage of B cells that fully resealed their PM, compared with no-SM controls (Fig. 2 H) . These data suggest that PM repair in B cells requires ASM released by lysosomal exocytosis.
B cell injury by SLO induces ASMdependent endocytosis of lipid raft-bound cholera toxin subunit B Endocytosis of caveolae was shown to be involved in the repair of PM wounds in fibroblasts and muscle fibers (Corrotte et al., 2013) . To determine whether wounding the PM of B cells, which do not express any known forms of caveolin, also induces endocytosis, we used Texas red-dextran to follow nonspecific fluid-phase uptake and cholera toxin subunit B (CTB) to monitor lipid raft-dependent endocytosis. CTB binds glycosphingolipid GM1, which is enriched in lipid rafts, the same membrane domain from where caveolae-mediated endocytosis normally occurs. Immunofluorescence microscopic analysis showed that in Ca 2+ -free medium dextran entered the cytosol and diffused throughout SLO-treated cells, indicating that these cells were permeable, and their PM was not repaired (Fig. 3 A, top) . In the presence of Ca 2+ , dextran was almost undetectable within SLO-untreated cells (Fig. 3 A, middle) but appeared punctate in the periphery of SLO-treated cells, consistent with endocytosis ( Fig. 3 A, bottom) . The percentage of B cells showing dextran endocytosis was significantly increased after 5-min exposure to SLO, when compared with untreated B cells (Fig. 3 B) . This result indicates that PM wounding triggers rapid endocytosis of dextran by B cells. To determine whether the dextran endocytosis induced by SLO is dependent on ASM released by lysosomal exocytosis, we examined the effect of extracellular treatment with SM on dextran endocytosis in the absence of SLO. We found that SM treatment alone induced dextran endocytosis to a level similar to SLO treatment in the presence of Ca 2+ (Fig. 3 B) . These results suggest the rapid fluid phase endocytosis triggered by wounding in B cells is ASM dependent.
The endocytosis of CTB was analyzed by immunofluorescence microscopy, flow cytometry, and transmission immunoelectron microscopy (TEM). Immunofluorescence microscopic analysis found that surface-labeled CTB became colocalized with intracellular dextran puncta in SLO-treated cells but remained at the PM in SLO-untreated cells (Fig. 3 , A and C), suggesting that CTB and dextran enter cells together in response to SLO treatment. Using flow cytometry, we quantified CTB endocytosis by measuring the mean fluorescence intensity (MFI) of cell-associated Alexa Fluor (AF) 488-CTB with and without addition of an AF488 quenching antibody (Fig. 3 D) . We found that the MFI of quench-protected (intracellular) CTB was significantly higher in SLO-treated than in untreated B cells (Fig. 3 E) . Using TEM, we determined the percentage of surface-bound biotin-CTB (marked by gold-labeled streptavidin) entering cells. We found that the number of CTB gold particles inside intracellular vesicles was increased after 1 and 5 min of SLO treatment, compared with B cells not treated with SLO (Fig. 3, F and G) . Unlike what was shown in wounded fibroblasts and muscle cells (Corrotte et al., 2013) , however, our TEM analysis did not observe accumulation of caveolae-like vesicles (<80-nm diameter and flask shaped) within wounded B cells (unpublished data). Collectively, these results indicate that PM wounding induces caveolae-independent and lipid raftbased endocytosis in B cells and that this endocytosis process is regulated by secretion of the lysosomal enzyme ASM.
Lipid raft-based endocytosis of CTB is important for B cell PM repair
Although B cells do not express classical caveolin, BCR signaling and endocytosis induced by antigenic ligands require a reorganization of lipid rafts (Pierce, 2002; Stoddart et al., 2002) . To determine whether lipid raft endocytosis is important for B cell PM wound repair, we perturbed lipid rafts by cross-linking BCRs with antibodies, a procedure that activates receptor signaling and endocytosis similarly to bona fide antigens (Cheng et al., 1999; Liu et al., 2012) . We varied the level of lipid raft perturbation by increasing the strength of BCR cross-linking. Fab fragments of anti-BCR antibody that bind but do not activate the BCR had no significant effect on the ability of B cells to repair SLO wounds (Fig. 4 A) . Antibody F(ab′) 2 fragments and biotinylated Fab plus streptavidin, both of which activate the BCR, significantly reduced the percentage of B cells that repaired SLO wounds (Fig. 4 A) . Biotinylated Fab plus streptavidin, of stronger cross-linking strength than F(ab′) 2 , had a stronger inhibitory effect on PM repair than F(ab′) 2 , reducing the percentage of repaired cells >50% (Fig. 4 A) . Furthermore, activation of the BCR with a gold-conjugated antibody nearly abolished SLO-induced endocytosis of CTB (Fig. 4 B) . These data suggest that BCR activation inhibits PM repair in B cells, possibly by interfering with the endocytosis of lipid rafts triggered by wounding.
Repair of PM wounding by SLO inhibits formation of BCR signalosomes in lipid rafts and BCR endocytosis
Lipid rafts are critical for B cell activation by serving as a platform for both BCR signalosomes and endocytosis (Cheng et al., 1999; Sohn et al., 2008) . We investigated whether the PM and SM. Shown are the mean (± SD) of three to five independent experiments. *, P < 0.05; **, P < 0.005; ***, P < 0.001; ****, P < 0.0001. repair process, which also depends on lipid rafts, has any impact on the BCR signaling and antigen uptake functions. As both these functions are initiated by BCR clustering in lipid rafts, we analyzed BCR clustering and BCR-lipid raft coclustering using immunofluorescence microscopy. Surface BCRs were labeled and activated with fluorochrome-conjugated F(ab′) 2 fragments of anti-mouse IgM+IgG antibodies, and lipid rafts by CTB. To prevent any possible effect of CTB on BCR clustering, CTB staining was performed after BCR activation and at 4°C. Similar to what we previously showed (Thyagarajan et al., 2003) , BCR cross-linking induced clustering of surface BCRs to one pole of the cell, forming a polarized cap (Fig. 5 A) . SLO wounding significantly reduced the percentage of B cells with BCR caps, from ∼55% to ∼35% (Fig. 5 B) . Among the SLO-treated Shown is the mean (± SD) of three independent experiments. (D and E) Quantification of CTB endocytosis by flow cytometry. B cells were labeled with AF488-CTB (1 µg/ml) at 4°C and treated with SLO at 37°C for 3 min. The surface CTB was quenched with anti-AF488 antibodies at 4°C before and after SLO treatment. The MFI of CTB was quantified by flow cytometry. Shown are a representative histogram (D) and the percentage (± SD) of internalized CTB from three independent experiments (E). (F and G) TEM analysis of CTB endocytosis. B cells were incubated at 4°C with biotin-CTB (2 µg/ml) followed by gold-streptavidin (10 nm, 2 µg/ml), and then treated with SLO for 1 and 5 min at 37°C. Shown are representative images (F) and the mean percentage (± SD) of internalized CTB gold particles from >16 randomly selected cell profiles per condition from two independent experiments (G). Bar, 100 nm. **, P < 0.005; ****, P < 0.0001. ) or with Fab (10 µg/ml), F(ab′) 2 anti-mouse IgM (10 µg/ml), or biotinylated Fab (bFab; 10 µg/ml) plus streptavidin (strep; 5 µg/ml) at 4°C and treated with SLO for 5 min at 37°C, followed by PI staining and flow cytometry. Shown is the mean (± SD) of three independent experiments. (B) The percentage of surface-labeled CTB internalized in the presence or absence of SLO and BCR cross-linking. B cells were incubated with (+XL) or without (−XL) gold anti-mouse IgM (10 µg/ml), biotin-CTB (2 µg/ml), gold-streptavidin (2 µg/ml), and SLO at 4°C and warmed up to 37°C for 1 min. Cells were then processed for TEM. The numbers of gold particles associated with and inside individual cells were counted. Shown is the mean (± SD) of >20 randomly selected cell profiles per condition from two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. B cells displaying polarized BCR caps, ∼50% of the caps appeared more spread out on the cell surface (impaired), compared with only 10% showing this morphology in untreated B cells (Fig. 5, A and C) . In the absence of SLO, most of the B cells with BCR caps (∼75%) also showed coclustering of BCRs with CTB. SLO treatment decreased this percentage to ∼55% (Fig. 5, A and D) . These results indicate that the repair of PM wounds inhibits clustering of raft-associated BCRs.
To determine whether the inhibition of BCR-CTB coclustering affects BCR signaling triggered by receptor cross-linking, we examined tyrosine phosphorylation as a measurement of signaling levels. Immunofluorescence microscopic analysis showed bright staining of antiphosphotyrosine antibody in BCR caps of untreated B cells 5 min after cross-linking. However, most of the SLO-treated cells failed to form BCR caps and exhibited much weaker and uniformly distributed phosphotyrosine staining (Fig. 5 E) . Confirming the results from immunofluorescence, quantitative analysis by flow cytometry showed much lower MFI of phosphotyrosine in SLO-treated B cells when compared with untreated B cells (Fig. 5 F) .
We next determined the effect of SLO-induced PM wounding on BCR endocytosis using flow cytometry. We measured the amount of reduction in surface-labeled BCR over the incubation time at 37°C, reflecting BCR endocytosis. SLO treatment reduced both the kinetics and the overall levels of BCR internalization (Fig. 5 G) . At 20 min, there was more than 50% of surface-labeled BCR remaining at the surface of SLOtreated B cells, compared with ∼15% of surface-labeled BCR at the surface of untreated B cells (Fig. 5 G) .
Collectively, our data demonstrate that the SLO-wounding and PM repair process inhibits both the signaling and antigen uptake functions of the BCR.
Repair of PM wounding leads to segregation of BCRs from lipid rafts
The inhibitory effect of SLO-mediated injury on the coclustering of surface BCRs with CTB suggests that the PM repair process prevents surface BCRs from interacting with lipid rafts. To investigate this hypothesis, we analyzed the colocalization between surface-labeled BCRs and CTB using live-cell imaging by confocal fluorescence microscopy. B cells that were not treated with SLO but were activated by cross-linking for 10 min showed internalization of surface labeled BCRs and colocalization of CTB with BCR-containing vesicles (Fig. 6, A and C) . In contrast, there was limited colocalization between internalized BCRs and CTB in B cells that were injured by SLO (Fig. 6, A and C) . We generated kymographs from time-lapse images along movement tracks of endocytosing BCRs and examined the colocalization of CTB (E and F) Tyrosine phosphorylation (pY) of B cells treated with or without SLO. B cells were incubated at 4°C with SLO and AF546-F(ab′) 2 -goat anti-mouse IgM+IgG (5 µg/ml) and warmed to 37°C for 5 min, followed by fixation, permeabilization, and staining for phosphotyrosine (pY) and analysis of confocal microscopy (E) and flow cytometry (F). Shown are representative images and the mean MFI (± SD) of pY from three independent experiments. Bar, 2.5 µm. (G) Effect of SLO treatment on BCR internalization. B cells were incubated at 4°C with biotinylated F(ab′) 2 anti-mouse IgM+IgG (10 µg/ml), followed by 37°C incubation with or without SLO for the indicated times. Cells were then labeled with PE-streptavidin at 4°C and analyzed by flow cytometry to determine the percentage of surface-labeled BCRs remaining on the cell surface. Shown is the mean percentage (± SD) from three independent experiments. **, P ≤ 0.01; ***, P ≤ 0.001; ****, P < 0.0001.
with endocytosing BCRs (yellow color) over time (Fig. 6 B) . A representative kymograph from a B cell without injury showed BCR staining puncta (a BCR cluster) moving into the cells while continuously colocalizing with CTB ( Fig. 6 B, top, yellow) . In contrast, in B cells injured by SLO, CTB did not colocalize with BCRs when BCR clusters moved from the PM to the cytoplasm (Fig. 6 B, bottom) , indicating segregation of BCRs from lipid rafts during BCR internalization.
We further confirmed this result using immunoelectron microscopy, where surface BCRs were labeled by 18-nm gold particles and CTB (Fig. 6 D, arrowheads) by 10-nm gold particles. The colocalization of BCRs with CTB was quantified in individual cells by determining the percentage of CTB gold particles in intracellular vesicles that contained BCR gold particles (Fig. 6 E) . Consistent with the results of immunofluorescence microscopy, SLO treatment significantly reduced the percentage of CTB gold particles that colocalized with internalized BCRs at 5 min (Fig. 6, D and E) . To determine whether CTB is segregated from BCRs at the cell surface or during endocytosis, we determined the percentage of CTB gold particles in the close vicinity of BCR gold particles on the PM using immunoelectron microscopy. We found that SLO treatment significantly reduced the percentage of CTB gold particles localized close to BCR gold particles on the B cell surface, from ∼75% and ∼60% to ∼25% at 1 and 5 min, respectively (Fig. 6, F and G) . Our data demonstrate a clear segregation between BCRs and CTB-marked lipid rafts at the PM in SLO-wounded B cells. Considering that these assays were performed under conditions permissive for resealing (in the presence of Ca 2+ ), our data suggest that endocytosis-mediated removal of PM wounds interferes with the lipid raft-dependent internalization of BCRs.
BCRs and CTB are endocytosed into different types of vesicles
The segregation of BCRs from CTB during endocytosis suggests that the BCR and CTB are endocytosed into different vesicles. To investigate this hypothesis, we examined the morphology of vesicles where BCRs and CTB (5 min) were located using immunogold staining and TEM. We found irregular, tubular invaginations with no detectable clathrin coat (Fig. 7 A, a-d) . Importantly, there was a significant increase in the number of the tubular invaginations in SLO-wounded B cells, compared with nonwounded B cells (Fig. 7 B) . In addition to tubular invaginations, we found small, round vesicles of 120 nm or less in diameter (Fig. 7 A, e-h) and also larger vesicles (Fig. 7 A,  i-l) . The small vesicles often exhibited a dense clathrin-like coat (Fig. 7 A, e-g ), whereas the larger vesicles showed a morphology consistent with early endosomes (Fig. 7 A, i-l) . To determine in which types of membrane structures BCRs (Fig. 7 A, black arrowheads) and CTB (white arrowheads) were preferentially endocytosed, we quantified the percentage of BCR-or CTB-containing membrane structures in each category by visual inspection. We found that without SLO-induced wounds, after 5-min incubation, most of the CTB-containing membrane structures in unstimulated B cells were small vesicles (Fig. 7, A [h] and C). In the absence of SLO, BCR cross-linking did not significantly change the distribution of CTB among the different types of membrane structures. In contrast, in SLO-wounded B cells, the percentage of CTB-containing small vesicles was significantly reduced, whereas the percentage of CTB-containing uncoated tubular structures was significantly increased (Fig. 7 , A and C) when compared with nonwounded cells. Conversely, BCR cross-linking reduced the percentage of CTB-containing Figure 6 . PM injury by SLO segregates BCRs from CTB-labeled lipid rafts at the cell surface and during BCR internalization. (A-C) Livecell imaging of BCR and CTB internalization. B cells were incubated at 4°C with AF546 F(ab′) 2 anti-mouse IgM and AF488-CTB. Timelapse confocal images were acquired at 37°C for 10 min in the presence or absence of SLO. Shown are representative images at 10 min (A), a kymograph generated from time-lapse images along the blue line (B), and the mean colocalization rate (± SD) of BCR and CTB staining at 10 min (C), from three independent experiments. Bar, 5 µm. (D-G) TEM analysis of BCRs and CTB in B cells treated with or without SLO. B cells were incubated with gold antimouse IgM (18 nm, 10 µg/ml) and biotin-CTB (2 µg/ml) plus gold-streptavidin (10 nm, 2 µg/ml; arrows and arrowheads) at 4°C, and then with or without SLO at 37°C for 1 or 5 min. The percentages of CTB gold particles internalized into vesicles containing BCR gold particles at 5 min (D and E) and in the vicinity (<30 nm) of BCR gold particles at the PM (F and G) were determined in individual cell profiles. Shown are representative images (D and F) and the mean percentage (E and G) from ≥16 randomly selected cell profiles and two individual experiments. Bar, 100 nm. ****, P < 0.0001. uncoated tubular structures and increased CTB-containing small vesicles in SLO-wounded B cells (Fig. 7, A and C) , suggesting a partial reversal of the effect of SLO. Similar to CTB distribution in nonwounded B cells, BCRs were preferentially localized in small coated vesicles after 5-min incubation in unwounded B cells, whereas BCR gold particles were mostly excluded from uncoated tubular structures (Fig. 7, A [c] and D) . In contrast to the effects of SLO-caused wounds on CTB redistribution into uncoated tubular structures, SLO treatment did not significantly change the preferential location of endocytosing BCRs in small coated vesicles (Fig. 7 D) . These results suggest that PM wounding and repair induce endocytosis of lipid raft-bound CTB through uncoated tubular invaginations, which exclude BCRs.
Discussion
This study demonstrates that primary mouse B lymphocytes rapidly repair PM wounds caused by the bacterial pore-forming toxin SLO, in a Ca 2+-dependent manner. The B cell repair process involves lysosomal exocytosis triggered by Ca 2+ influx through the wounds and a clathrin-independent, lipid raft-dependent form of endocytosis that can be induced by the lysosomal enzyme ASM. Importantly, ligand engagement of the BCR, which induces BCR clustering, signaling, and internalization via lipid rafts (Cheng et al., 1999; Pierce, 2002) , interferes with PM repair. Conversely, PM repair suppresses the signaling and antigen uptake functions of the BCR. The mutual suppression between BCR activation and PM repair observed in this study uncovers a critical role of lipid rafts in regulating B cell PM repair.
Several lines of evidence indicate that the mutual inhibition observed between PM wound repair and BCR signaling/ endocytosis is not a consequence of generalized, nonspecific effects on B cell physiology. First, the timing of the two events is different. PM repair is completed within 30 s of wounding (Steinhardt et al., 1994; Andrews et al., 2014) , which is essential for saving cells from catastrophic death as a result of massive Ca 2+ influx. In contrast, BCR signaling and internalization occurs on a time scale of minutes, requiring the formation and growth of BCR clusters, followed by clathrin-mediated endocytosis (Tolar et al., 2009; Song et al., 2013) . Because PM wounds are already repaired when BCR signaling and endocytosis are initiated, downstream effects of BCR signaling and endocytosis on PM repair should be negligible. Rather, our data suggest that The data were generated from ≥18 randomly selected cell profiles from two individual experiments for each condition. *, P < 0.05; **, P < 0.01; ***, P < 0.001. engagement of lipid rafts as an early step of the BCR clustering process reduces the availability of membrane microdomains with the properties required for ASM-dependent endocytosis of wounded membrane. Second, to minimize any potential indirect impact of PM wounding on the early steps of BCR engagement and signaling, we excluded from our analysis cells that were not able to completely reseal their PM within the assay period. Finally, segregation of the BCR and CTB in wounded cells is detected on the PM before endocytosis, supporting the conclusion that the mutual inhibition is mediated via an early event driven by membrane reorganization.
Our results show that B cells repair PM wounds using mechanisms that have several elements in common with those reported for muscle, fibroblasts, and epithelial cells: Ca 2+ -induced lysosomal exocytosis followed by ASM-induced endocytosis (Idone et al., 2008; Tam et al., 2010; Corrotte et al., 2012 Corrotte et al., , 2013 . ASM inhibition or depletion reduced the ability of B cells to repair their PM, and the repair ability of ASM-deficient B cells was restored by extracellular SM. Exogenously added SM was also sufficient to promote PM repair of B cells in the absence of Ca 2+ , strongly suggesting that the B lymphocyte resealing mechanism is driven by generation of ceramide on the outer leaflet of the PM, as proposed for other cell types (Corrotte et al., 2013) . However, B cells from ASM knockout mice showed a smaller reduction in their repair capability when compared with B cells treated with ASM inhibitor, or in Ca 2+ -free media. This result suggests that other factors, perhaps also released from lysosomes by Ca 2+ -triggered exocytosis, are involved in B cell PM repair. Alternatively, ASM gene deletion in mice may enhance the expression of factors that compensate for the loss of ASM function.
CTB, used in our study as a marker for lipid rafts, can be endocytosed via multiple mechanisms including caveolin-dependent and clathrin-dependent and independent pathways, depending on the expression levels of caveolin and clathrin (Torgersen et al., 2001; Singh et al., 2003; Chinnapen et al., 2007; Ewers and Helenius, 2011) . However, the mechanisms by which lipid rafts and CTB are endocytosed in B cells remain poorly understood. Although BCR endocytosis is mainly mediated by a clathrindependent pathway, it also requires lipid rafts (Brodsky et al., 1989; Guagliardi et al., 1990; Stoddart et al., 2002) . Lipid rafts are thought to provide the platform where clathrin is phosphorylated and gains access to the BCR to be endocytosed (Pierce, 2002; Stoddart et al., 2002) . In this study, we found that CTB and BCRs colocalize during endocytosis in intact cells. Upon PM wounding, CTB is segregated from BCRs on the PM and enriched in noncoated tubular invaginations. Our results suggest that CTB switches from a clathrin-and raft-dependent to a clathrinindependent and raft-dependent endocytic pathway in response to PM wounding. Therefore, in B cells, CTB appears to follow the bulk distribution of lipid raft domains in these cells.
Our studies revealed a unique characteristic of the PM repair mechanism in B cells: PM wounding induces a form of endocytosis that is lipid raft dependent but independent of caveolae. Caveolin, a protein required for caveolae formation, inserts its lipidated hydrophobic domain into the inner leaflet of membrane microdomains rich in cholesterol and sphingolipids, which are defining characteristics of lipid rafts (Galbiati et al., 2001; Nabi and Le, 2003) . Caveolae are also known to mediate endocytosis of proteins associated with lipid rafts (Nabi and Le, 2003) . B lymphocytes, however, do not express detectable amounts of the three known isoforms of caveolin and consequently do not appear to form caveolae (Fra et al., 1994) . Corrotte et al. reported that the repair of both SLO and mechanical wounds in muscle fibers and epithelial cells requires ASM and an endocytic process involving caveolae (Corrotte et al., 2013) . Consistent with the lack of caveolae in B cells, in this study, we did not observe an intracellular accumulation of vesicles resembling classical caveolae (∼80-nm diameter with flask-or omega-shaped PM invaginations; Parton and Simons, 2007) immediately after PM wounding, as reported by Corrotte et al. (2013) for other cell types. Interestingly, our results show a clear link between the ability of B cells to repair PM wounds and the rapid formation of tubular membrane invaginations with properties of lipid rafts. Thus, our results suggest that a common requirement for the process of PM repair might be the mobilization of lipid raft domains for endocytosis, with the specific form of endocytosis varying depending on the expression of specific factors such as caveolin.
These observations raise the question of how endocytosis of lipid rafts triggered by PM wounding is induced without the participation of clathrin or caveolin. In wounded muscle fibers, epithelial cells and fibroblasts, caveolae-mediated endocytosis of wounded PM is induced by exocytosed ASM (Tam et al., 2010; Corrotte et al., 2013) . ASM converts sphingomyelin into ceramide, creating ceramide-enriched membrane microdomains that can trigger invagination of lipid bilayers (Holopainen et al., 2000; Trajkovic et al., 2008) . Here, we show that wound-induced endocytosis in B cells also depends on extracellular ASM. In the absence of caveolin, B cell wounding induces formation of uncoated tubular PM invaginations that mediate endocytosis of lipid raft-binding CTB. Although the identity of this tubular endocytic pathway remains to be defined, CTB has been shown to be endocytosed in tubular structures in the absence of caveolin . Furthermore, a characteristic of the clathrin-and caveolin-independent endocytic pathway is to internalize surface molecules through tubular invaginations Mayor and Pagano, 2007) . Thus, our results suggest that ceramide generation by ASM released by lysosomal exocytosis induces lipid raft endocytosis via a tubular, caveolin-, and clathrin-independent pathway in B cells. Further investigations should clarify if this pathway shares properties with clathrin-and caveolin-independent endocytic pathways described in other cell types.
We were unable to examine the repair of PM wounds provoked by mechanical forces in B cells because of their high vulnerability to shearing force. Although mechanical wounding causes a form of membrane damage that is presumed to be different from SLO, which forms small pores after binding to cholesterol, the repair of both types of membrane wounds is mediated via rapid ASM-induced caveolae-mediated endocytosis (Corrotte et al., 2013) . This suggests that in B cells, the repair of SLO pores and mechanical wounds may also involve local generation of ceramide from sphingomyelin and the rapid endocytosis of lipid raft portions of the PM, a process that is functionally equivalent to the caveolar endocytosis described in cell types that express caveolin.
Segregation of BCRs from lipid rafts was shown to impair the BCR phosphorylation by Src kinases required for initiating signaling (Cheng et al., 1999) and the interaction of clathrin with BCR aggregates (Stoddart et al., 2002) . Thus, PM wounding and repair is expected to have an inhibitory effect in B cell function. Although B cell membrane damage has not yet been studied in vivo, these cells are frequently in an envi-ronment that is likely to cause PM wounding. In addition to encountering pore-forming toxins of pathogens directly, B cells circulate through narrow blood vessels at high velocity, undergo chemotaxis from blood vessels to infection sites, and migrate through lymphatic organs, an extremely crowded environment. Furthermore, when B cells present antigen to T cells or other B cells, fragments of their PM can be extracted with the antigen by antigen-acquiring cells (Quah et al., 2008; Hwang and Ki, 2011; Natkanski et al., 2013) . We show here that B cells possess a rapid, Ca 2+ -dependent PM repair mechanism that protects them from wounding-induced death. The inhibitory effect of the PM repair process on BCR activation, which we uncovered here, likely suppresses BCR-mediated activation of B cells that are injured by presenting antigen or migrating through narrow spaces. Although the physiological significance of this phenomenon remains to be defined, reductions in BCR signaling and antigen uptake may reshape B cell functional status. First, the inhibition of antigen uptake and processing enables B cells to become better antigen-presenting cells to other B cells. Second, the inhibition of BCR signaling may facilitate the progress of B cells that present antigen to T cells toward BCR-independent and T cell-dependent activation and differentiation. Marginal zone B cells belong to a subset of mature B cells that are capable of shuttling antigens from the marginal zone to secluded regions of B cell follicles in the secondary lymph organs (Batista and Harwood, 2009) . The inhibitory effects of B cell PM damage and repair, possibly provoked by migration and antigen presentation, may impair the activation and antigen internalization activities of marginal zone B cells, enhancing their antigen shuttling function. Although this hypothesis remains to be tested, our results provide a potential mechanistic explanation for the unique capability of marginal zone B cells to shuttle antigen.
Materials and methods
Mice and B cell isolation
Splenic B cells were isolated from wild-type (C57BL/6; Jackson ImmunoResearch Laboratories) and ASM knockout mice in C57BL/6 background (provided by E. Schuchman, Mount Sinai School of Medicine, New York, NY, and S. Muro, University of Maryland, Baltimore, MD). The ASM gene in ASM knockout mice was disrupted by an insertion of the PGKneo expression cassette into the exon 2 (Horinouchi et al., 1995) . Mononuclear cells were enriched by Ficoll density-gradient centrifugation (Sigma-Aldrich). T cells were removed by rat anti-Thy1.2 mAb (BD Biosciences) and guinea pig complement (Rockland Immunochemicals) and monocytes and dendritic cells by panning. All procedures involving mice were approved by the Institutional Animal Care and Usage Committee of the University of Maryland.
PM repair assays
Freshly isolated B cells were incubated with SLO in either Ca 2+ -containing (+Ca 2+ ) or Ca 2+ -free DMEM (−Ca 2+ ) for 5 min at 4°C to allow binding. Cells were then warmed to 37°C for 5 min, immediately transferred to 4°C, and stained with the membrane impermeant dye PI. Cells were analyzed using a BD FACS Canto II flow cytometer and FlowJo software (Tree Star). The percentage of cells repaired in the presence of Ca 2+ (+Ca 2+ ) was determined by [%PI positive (−Ca 2+ ) − %PI positive (+Ca 2+ )] × 100/%PI positive (−Ca 2+ ).
To determine the effect of SM on PM repair, SM from Bacillus cereus (50 µM; Sigma-Aldrich) was included in the medium during the 37°C incubation.
To analyze the effect of BCR cross-linking on the efficacy of PM repair, surface BCR were bound with Fab fragments of goat anti-mouse IgM (10 µg/ml) that does not cross-link BCRs (−XL), F(ab') 2 fragment of goat anti-mouse IgM (10 µg/ml; Jackson ImmunoResearch Laboratories) that cross-links BCRs (+XL) for 20 min at 4°C, or biotinylated Fab goat anti-mouse IgM (10 µg/ml; Jackson ImmunoResearch Laboratories) for 20 min at 4°C plus streptavidin (5 µg/ml; Jackson ImmunoResearch Laboratories) at 4°C for 10 min for extensive cross-linking of BCRs. After washing off unbound antibodies/streptavidin, the cells were then treated with SLO (200 ng/ml) and analyzed by flow cytometry as described above.
Analyses of lysosomal exocytosis
B cells were incubated without or with SLO (200 ng/ml) for 5 min at 4°C and then 37°C for 5 min. To stain LIMP2 at the cell surface, cells were transferred to 4°C, incubated with rabbit anti-LIMP2 antibody (5 µg/ml; Sigma-Aldrich), followed by AF488 goat anti-rabbit IgG (5 µg/ml; Invitrogen) as secondary antibody and Cy3-Fab-goat antimouse IgM+IgG (5 µg/ml; Jackson ImmunoResearch Laboratories) for marking BCRs at 4°C without permeabilization. Cells were then washed to remove all unbound antibodies and fixed with 4% paraformaldehyde. For intracellular LIMP2 staining, B cells were fixed with 4% paraformaldehyde after surface staining of BCRs at 4°C, permeabilized with 0.05% saponin, and stained with rabbit anti-LIMP2 antibody, followed by AF488-goat anti-rabbit IgG and postfixation. Cells were analyzed by flow cytometry (BD FACS Canto II) and confocal fluorescence microscopy (100× oil objective 1.4 NA, LSM 710; Carl Zeiss).
To quantify lysosome exocytosis, the percentage of β-hex secreted was determined by its enzymatic activity, using 4-methylumbelliferyl-N-acetyl-β-d-glucosaminide dehydrate (Sigma-Aldrich) as a substrate (Rodríguez et al., 1997) . After primary B cells were treated with or without 200 ng/ml SLO for 5 min at 37°C, the supernatants were collected. The enzymatic activity of β-hex in the supernatant was determined as the portion of secreted. The total cell-associated β-hex activity was determined using the lysate of SLO-untreated B cells. The percentage of β-hex secretion was calculated based on the enzymatic activity ratio of β-hex in the supernatant to that in the cell lysate.
ASM secretion and inhibition
The secretion of ASM was analyzed by measuring the enzymatic activity of ASM in supernatants. Cells were treated with SLO (200 ng/ml) for 5 min at 4°C, warmed to 37°C for 15 s, and immediately cooled on ice. The supernatants were collected by centrifugation, and protease inhibitors added. The enzymatic activity of ASM was determined using an Amplex red sphingomyelinase assay kit (Molecular Probes), based on manufacturer-provided protocols. Supernatants were also concentrated using centrifugal filtration (Millipore) and analyzed by Western blotting, using rabbit anti-ASM antibody (Abcam).
To inhibit ASM, B cells were preincubated with 30 µM DPA (Sigma-Aldrich) for 30 min at 37°C. Cells were then treated with SLO in the presence of DPA and stained with PI as described in the PM repair assays section.
Dextran and CTB internalization
For immunofluorescence microscopic analysis, B cells were stained with AF488-CTB (3 µg/ml; Invitrogen) for 10 min at 4°C, washed, and then incubated with SLO (200 ng/ml) for 5 min at 4°C. After addition of 10 kD lysine fixable Texas red-dextran (2.5 mg/ml; Invitrogen) to the media, the cells were warmed to 37°C for 3 min, washed to remove dextran that was not associated with cells, and then stained with AF405-goat anti-mouse IgG (Invitrogen) at 4°C to mark surface BCRs. Cells were fixed and imaged by confocal fluorescence microscopy (100× oil objective 1.4 NA; LSM 710). For SM treatment, cells were incubated with 50 µM SM (Sigma-Aldrich) during the 37°C incubation. Correlation coefficients between dextran and CTB were determined using ZEN imaging software (Carl Zeiss).
For flow cytometry analysis of CTB internalization, B cells were stained with AF488-CTB (1 µg/ml; Invitrogen) for 10 min at 4°C and washed. Surface-bound AF488-CTB were quenched with a rabbit anti-AF488 antibody (Invitrogen) at 4°C either before or after incubation with SLO (200 ng/ml) 3 min at 37°C. The MFI of AF488-CTB before and after quench were determined using flow cytometry (BD FACS Canto II). The total surface labeled CTB was determined as the difference of the CTB MFI before and after quench without SLO treatment at 37°C. The internalized CTB was quantified as the CTB MFI of SLOtreated cells after quench. The percentage of CTB internalization was calculated by the ratio of the internalized CTB to the total surface-labeled CTB multiplied by 100.
BCR capping and activation
B cells were labeled and/or activated with Cy3-Fab goat anti-mouse IgM+IgG (5 µg/ml; Jackson ImmunoResearch Laboratories) or AF546-F(ab') 2 goat anti-mouse IgM+IgG (5 µg/ml; Invitrogen) at 4°C for 20 min, followed by AF488-CTB (3 µg/ml; Invitrogen) for 10 min. Cells were washed to remove unbound antibody and CTB, and then incubated with SLO (200 ng/ml) for 5 min at 4°C, warmed to 37°C for 5 min, and fixed with 4% paraformaldehyde. Cells were imaged using a confocal microscope (63× oil objective 1.4 NA; LSM 710). For each condition, >80 cells were analyzed for each of four independent experiments.
For phosphotyrosine staining, B cells were permeabilized with 0.05% saponin and incubated with mouse IgG 2b antiphosphotyrosine mAb 4G10 (Millipore), followed by AF488-goat anti-mouse IgG 2b secondary antibody (Invitrogen). Cells were analyzed by confocal microscopy (63× oil objective 1.4 NA; LSM 710) and flow cytometry (BD FACS Canto II).
Flow cytometry analysis of BCR endocytosis
The surface BCRs were labeled at 4°C with biotinylated F(ab′) 2 goat anti-mouse IgM+IgG (10 µg/ml; Jackson ImmunoResearch Laboratories) for 30 min. The cells were washed to remove unbound antibody and then incubated with or without SLO (200 ng/ml) at 4°C for 5 min, warmed to 37°C, and fixed at indicated times. The biotinylated F(ab′) 2 -goat anti-mouse IgM+IgG that remained at the cell surface were then detected with PE-streptavidin (3 µg/ml; BD Bioscience) and quantified using flow cytometry (BD FACS Canto II) and FlowJo software.
Live-cell imaging of BCR-CTB internalization
The surface BCRs were labeled and activated with AF546-F(ab′) 2 goat anti-mouse IgM (5 µg/ml; Invitrogen) and lipid rafts by AF488-CTB (3 µg/ml; Invitrogen) at 4°C. After 5-min incubation with SLO (200 ng/ml) at 4°C, time-lapse images were acquired at 37°C using an SP5 confocal fluorescence microscope (63× oil objective 1.4 NA; Leica). Kymographs were constructed using Andor IQ (Andor Technology) to track the internalization of BCR and CTB over time. The colocalization rate (percentage of pixel overlap of two colors) of internalized BCRs with CTB at 10 min was determined using Leica LAS AF Lite imaging software. For each condition, more than eight cells were analyzed for each of three independent experiments.
Immunoelectron microscopy analysis of BCR and CTB distribution
The surface BCRs were labeled with 18-nm gold-conjugated goat anti-mouse IgM (10 µg/ml; Jackson ImmunoResearch Laboratories) and lipid rafts by biotinylated CTB (2 µg/ml; Invitrogen) followed by 10-nm gold-conjugated streptavidin (2 µg/ml; Sigma-Aldrich) at 4°C. Cells were then incubated with SLO (200 ng/ml) for 5 min at 4°C, warmed to 37°C for 1 and 5 min, and fixed with 2% glutaraldehyde. The cells were post-fixed by 2% osmium tetroxide, embedded in Spurr's replacement embedding medium (Electron Microscopy Sciences), and imaged by transmission electron microscopy (EM 10CA; Carl Zeiss). For each condition, ≥18 individual cells were analyzed for each of two independent experiments.
Statistical analysis
Statistical analysis was performed by the two-tailed t test using Prism software (GraphPad Software).
